Objective: Adrenal vein sampling (AVS) is considered the gold standard in the differential diagnosis of primary aldosteronism (PA), but success rates vary between centers. We hypothesized that rapid (intraprocedure) cortisol measurement can improve performance in a center with initially low AVS success rate. Design: We analyzed 46 patients with confirmed PA studied between 2008 and 2010. Forty-seven PA patients studied between 2004 and 2008 identified by retrospective chart review served as controls. All patients were treated at a single tertiary care university hospital. Methods: Starting in 2008, rapid cortisol assays (RCA) were performed in all patients during the AVS procedure. A cortisol gradient of R2.0 between adrenal vein and a femoral vein sample was used as success criterion. Up to two repeat samples were drawn if adrenal vein cortisol was below this threshold. Results: During the control period 26 of 47 AVS were successful (55%). After introduction of RCA, 39 out of 46 AVS (85%) were successful (PZ0.003). In 21 of the 46 cases (46%) a resampling was necessary. The increase in overall success was due to an increase in successful right AVS (85 vs 62% before introduction of RCA; PZ0.02) and a training effect (PZ0.024 for trend). Conclusion: RCA during AVS are useful in centers with an initially low AVS success rate.
Introduction
Primary aldosteronism (PA) is a disorder defined by inappropriately high aldosterone secretion in the presence of low to suppressed renin activity and aldosterone levels not suppressible by various suppression tests. While this condition was previously thought to be present in !1% of all hypertensive patients, it has lately emerged as one of the most common causes of secondary hypertension, mainly due to the increased use of aldosterone to renin ratio (ARR) as screening test in recent years (1) . High aldosterone levels lead to increased potassium excretion, hypokalemia and hypertension. The long-term consequences include myocardial hypertrophy, atrial fibrillation, myocardial infarction, and stroke. Patients with PA suffer from higher cardiovascular and renal morbidity compared with matched patients with essential hypertension (2) (3) (4) .
PA can be caused by an aldosterone producing adenoma (APA), uni-or bi-lateral adrenal hyperplasia, or in rare cases glucocorticoid remediable aldosteronism. The differential diagnosis of the subtype of PA guides individual medical management. While unilateral disease can be cured by laparoscopic removal of the affected adrenal, mineralocorticoid receptor antagonists are used in bilateral idiopathic hyperaldosteronism to specifically treat the consequences of aldosterone excess.
According to the 2008 Endocrine Society Clinical Practice Guidelines for PA all patients with biochemically confirmed PA should undergo computed tomography (CT) of the adrenal region, to rule out malignancy (2) . Due to the often small size of APAs and the high prevalence of non-functioning adrenal adenomas (incidentalomas), adrenal CT as well as magnetic resonance imaging (MRI) both have a relatively low sensitivity and specificity for detecting APAs (5) . Therefore, the Endocrine Society recommends establishing subtype diagnosis on the basis of adrenal vein sampling (AVS) in all patients with confirmed PA, who are able and willing to undergo surgery.
However, AVS is a technically challenging and not universally standardized interventional procedure: published success rates for bilateral catheterization vary largely, ranging from 42 to 98% (6) . A retrospective analysis of the data in the German Conn Registry showed an average success rate of only 31% even at national referral centers (7).
The adrenal veins are small, feature large anatomical variations and are therefore not easy to catheterize. Particularly, the right adrenal vein often enters the inferior vena cava (IVC) in a steep angle impeding cannulation. Furthermore, adrenal blood flow is estimated to be w0.2% of cardiac output (8) , which leads to a considerable admixture of blood drawn back from the IVC or the renal vein as well as admixture of blood from accessory hepatic or subphrenic veins. Thus, aldosterone concentrations may vary considerably depending on the exact position of the catheter tip in relation to the orifice of the adrenal vein (9) . To account for these variations the aldosterone values are generally corrected by dividing it with the cortisol values measured in the same sample (cortisol-corrected aldosterone ratio). Moreover, the ratio between the cortisol value from the presumed adrenal vein and a sample simultaneously drawn from the IVC or a peripheral vein is used as 'selectivity index' to verify the correct position of the catheter tip. However, the result of the cortisol measurement and therefore confirmation of technical success or failure of the AVS study are often not available until hours or even days after the diagnostic procedure. The patient will already have left the hospital at this time-point, making resampling both cumbersome and expensive.
In 2007, a first proof of concept study was published by an Italian group showing the feasibility of rapid on-site measurement of cortisol during the AVS study in five subjects (10) . A second study by Auchus et al. (11) in 30 patients reported that the use of rapid cortisol assays following AVS allowed for resampling on the same day and increased success rate in their hospital.
In this study, we analyzed the effect of RCA on the outcome of AVS in our center that had a low success rate in a historic control group. Data from 46 de novo patients were compared with data from 47 patients, which had previously undergone AVS without RCA.
Subjects and methods
A systematic retrospective review of the in-house procedures for the diagnosis and differential diagnosis of PA performed within the context of the German Conn's registry (www.conn-registry.de) revealed a low overall success rate of AVS of 55%. To improve the success rates of AVS at our institution, several quality measures were put into place and summarized in a standard operating procedure that was used for all AVS since March 1st 2008.
In detail, the following changes were introduced:
1. As before, a pre-procedural multidetector CT (MDCT) scan was performed to rule out malignancy, according to the Endocrine Society guidelines. In addition, in doing so the late venous scan was used for mapping of the venous anatomy to facilitate super-selective catheterization.
2. AVS were drawn and immediately analyzed for cortisol levels to confirm the correct placement of the catheter. In case of an unsuccessful sampling up to two repeat samplings were performed for each side.
CT technique
A pre-interventional MDCT scan of the adrenals was performed (late venous phase, 90 s contrast material delay, 2 ml/kg body weight) for mapping of the adrenal veins and diagnostic work up. In addition to axial (3 mm slice thickness), multiplanar sagittal and coronal reformations were used (3 mm slice thickness). If no prior imaging study was available, a native CT scan was included.
Adrenal vein sampling
AVS was performed by three radiologists without concomitant infusion of ACTH 1-24 (Synacthen, Sigma-tau GmbH, Dü sseldorf, Germany). The procedure was started at 0800 h. A 5F sheath was introduced via the right common femoral vein; hydrophilic angiography catheters were used to selectively catheterize the adrenal veins. Catheter selection was based on the individual anatomic conditions and cobra, bentson, vertebralis, and sidewinder shape were used respectively. Positioning of the catheter was assessed by venous angiograms before and after selective blood withdrawal. AVS were taken sequentially. A simultaneous sample from the sheath was collected with each of the selective AVS. Finally, samples from the infra-and suprarenal section of IVC were taken, likewise in pair with a sample from the sheath.
Clotting of blood was prevented by collection in tubes prefilled with EDTA (Sarstedt Monovette, Sarstedt, Nü mbrecht, Germany). The test tubes were immediately transferred to the endocrinology lab, centrifuged for 5 min at 3000 g and the supernatant plasma used for immediate analysis of cortisol. The time for transport, centrifugation and measurement was 25-30 min during which the radiologist attempted sampling of the contralateral adrenal vein. The sampling catheter was not left in position in the adrenal vein during the measurement. The patient stayed in the radiology suite until the last sample was analyzed.
Hormone assays
Cortisol concentrations were determined using an automated chemiluminescence assay (Liaison, Diasorin, Italy). Aldosterone concentrations were measured using a commercial RIA (Coat-a-count, Siemens, Los Angeles, CA, USA). In our hands, the respective within-and between-assay coefficients of variation were below 5 and 7% for cortisol and below 9 and 12% for aldosterone. All aldosterone samples from each AVS were analyzed in one run. Cortisol was reported in mg/dl and aldosterone in pg/ml.
Patients and controls
Approval from the ethics review board of the LMU Munich was obtained for this chart review study. Patient data for both cohorts was extracted from the German Conn Registry (12) 
Selectivity and lateralization criteria
Selective adrenal sampling was assumed, if the cortisol concentration of the adrenal vein was at least two times higher than that in the simultaneously drawn sample from the catheter sheath in the right femoral vein (cortisol in adrenal vein/cortisol in right femoral vein R2.0) (13). The diagnosis of unilateral aldosterone secretion was made, if the aldosterone to cortisol ratio (A/C-ratio) from one adrenal vein was R4.0 times the A/C-ratio of the contralateral side (14) .
Statistical analysis
For power calculation, we assumed that the introduction of RCA would improve successful sampling by 50% over baseline (Z55% in the historic cohort) to 82%. Following this assumption, we calculated that a minimal sample size of at least 41 for each group would be necessary to demonstrate the superiority of RCA with a statistical power of 80% and a!0.05. For both cohorts, we calculated the overall rate of successful cannulation and success of right and left AVS separately. Continuous data are given as meansGS.D.
Statistical calculations were performed by Prism Version 5.0 (GraphPad Software, San Diego, CA, USA) by a two-sided Fisher's exact test; P!0.05 was considered statistically significant. Logistic regression was performed with IBM SPSS Version 19 (IBM, Armonk, NY, USA).
Results

Patient characteristics
Age and sex distribution did not differ significantly between the control and the study period. However, the mean systolic and diastolic blood pressure was higher during the control period (163G26 vs 151 G22 mmHg, PZ0.04 and 99G15 vs 92G13 mmHg, PZ0.05 respectively). Plasma potassium, renin, and aldosterone levels did not differ significantly ( Table 1 ).
The percentage of successful AVS increased significantly after the introduction of RCA During the control period 26 out of 47 AVS (55%) resulted in a successful bilateral sampling. After introduction of RCA and immediate resampling the success rate increased to 39 out of 46 (84%), PZ0.003 (Fig. 1A) .
Increased success rate is attributable to the possibility to resample
To test the possibility that the rate of successful AVS had increased because of factors other than the rapid cortisol assay, we analyzed the rate of successful Table 1 Patient characteristics of control and of study population. Shown is meanGS.D. Differences of the means were analyzed by Student's t-test; plasma renin concentrations and aldosterone to renin ratio were log-transformed prior to testing. To convert into SI-units use the following conversion factor: aldosterone, pg/ml to nmol/l, multiply with 0.0277. www.eje-online.org sampling at first attempt, i.e. the procedures in which resampling was not necessary and which would have been successful also without the knowledge of the RCA test result. The success rate at first attempt was 54% and thus not different from the control period (55%, PZ1.00). On the contrary, the overall success rate after introduction of RCA was significantly higher than success at first sampling attempt (85 vs 54%, PZ0.003).
Control period
Increased success is due to resampling of missed right-sided adrenal vein
The right adrenal vein is generally more difficult to catheterize as it directly enters the IVC. Notably, successful sampling of the right adrenal vein improved from 62% during the control period to 85% after introduction of RCA (PZ0.02). Similarly, the success rate of sampling from the left adrenal vein increased from 87% during the control period to 98% after introduction of RCA albeit this increase failed to reach statistical significance (PZ0.11). On the contrary, no improvement was observed for successful samplings at first attempt after introduction of RCA: right adrenal vein 59 vs 62% (PZ0.834) during the control period; left adrenal vein 84 vs 87% (PZ0.575) (Fig. 1B) .
Success rate increased over time, while need for resampling decreased
The overall success rate increased over the time of the study with 75% for the first 12 diagnostic studies performed during the study period to 100% for the last 12 AVS (P for trendZ0.201). In parallel, the need for resampling decreased from 67% for the first 12 patients to 25% for the last 12 patients (P for trendZ0.024), suggesting an effect of radiologist performance (Fig. 2) .
Distribution of lateralization
Of the 39 successful diagnostic studies, 12 patients were diagnosed having bilateral aldosterone hypersecretion, 13 patients exhibited a lateralization of aldosterone production to the left and 14 to the right ( Table 2) . The 27 patients with lateralized aldosterone secretion were recommended to undergo minimally invasive adrenalectomy.
Complications
Hematoma at the site of vascular access was noted in two out of 47 patients during the control period and in two out of 46 patients during the study period. In one patient a peri-adrenal hematoma developed due to adrenal vein perforation during the study period. The hematoma was managed conservatively and the patient left the hospital on the next day without further sequele.
Discussion
AVS is a key diagnostic procedure in the work up of patients with PA guiding the further management of the patient. However, the procedure is challenging to perform and success rates are often low. Within this study, we could demonstrate that the introduction of rapid cortisol assays significantly improved the success rate of AVS at our institution. While this part of our study is endorsing data reported by Auchus et al. (11) at UTSouthwestern the higher number of patients in our study allows us to analyze the factors contributing to improved success. Specifically, we show that the two major effects of RCA on outcome are due to an initial effect by resampling of the right adrenal vein and a more delayed training effect. In our study, the success rate previous to the introduction of RCA was unacceptably low compared with centers of excellence. It was considerably lower than at UTSouthwestern (55 vs 73%) and improved to 85% (39 of 46 patients) in our cohort in comparison to 97% at UTSouthwestern (29 of 30 patients). The significant increase in success rate in our series was clearly attributable to the use of RCA. In the Auchus study, the success rate of the first sampling attempt in the studies performed after introduction of RCA did not differ significantly from that of the control period probably because of the already high success rate at baseline before introduction of RCA. Therefore, we believe that RCA is especially useful for centers such as ours with low outcome of AVS at baseline.
One main advantage of the RCA technique implemented at our institution is the use of existing facilities and equipment, limiting investment costs. Due to the close location of the lab to the radiology suite and by using plasma instead of serum thereby eliminating clotting time, we were nonetheless able to achieve a time to results of 25-30 min. The radiologist could, therefore continue the sampling on the contralateral side and the patient stayed in the radiology suite until the examination was completed. However, it must be admitted that this may be quite a unique situation and that other institutions might rather follow the approach used by Mengozzi et al. (10) , who used dedicated equipment within the radiology suite, or transfer the patient to the recovery room with the catheter sheath still in place in case of longer times to result (11) .
The main limitation of our study is the temporal sequence of the two study periods and the lack of randomization. This study was intended to assess the effect of the implemented measures on AVS success rate, which had been based on earlier studies and guideline recommendations (2, 10). Thus, not only the implementation of RCA but also the use of MDCT with mapping of the adrenal veins might have contributed to the improvement. However, the success rate of the first sampling attempt after introduction of RCA did not differ significantly from the control period without RCA guided resampling (Fig. 1) . The increase in successfully performed AVS studies was initially attributable to the information obtained through RCA, especially for the right adrenal vein. However, after the first 23 AVS a significant trend toward fewer resampling occurred and persisted until the end of the study (Fig. 2) . This is very likely attributable to a training effect, that improved the performance of the interventional radiologists, who indeed judged the rapid feedback through RCA to be very helpful.
The formal success of an AVS study depends largely on the cut off chosen for the selectivity index (15) . We used a selectivity index, i.e. the ratio of cortisol in the sample from the adrenal vein to that of a sample simultaneously drawn from the catheter sheath in the femoral vein, of R2.0 as the cut off for successful catheterization of the adrenal vein. Other groups have used different values ranging from 1.1 to 5.0 (for review see (5)), the higher cut off values mostly used with concomitant infusion of ACTH 1-24. A recent analysis using different selectivity criteria on a set of patients who underwent AVS twice because of an unsuccessful first AVS, could demonstrate that the technical success of the AVS is dependent on the stringency of the selectivity criteria and that too permissive criteria for successful catheterization lead to poor diagnostic reproducibility (16) .
Many groups advocate the simultaneous infusion of ACTH 1-24 during the examination to minimize stress related fluctuations of cortisol and aldosterone. However, there is no consensus on whether or not to use ACTH 1-24 or on the exact modus of administration (bolus versus continuous infusion). One of the advantages of ACTH 1-24 infusion may be a higher step up between peripheral and adrenal vein cortisol values and thus a higher percentage of successful studies. However, the effects on lateralization and thus on diagnosis are not that clear-cut: in a relatively small study with ten patients undergoing AVS first without and then with ACTH 1-24 infusion the authors noted a lateralization toward the wrong side for the values sampled at baseline, suggesting that concomitant ACTH 1-24 infusion might increase the diagnostic reliability (17) . A larger study comparing baseline with bolus and continuous infusion of ACTH 1-24 found a completely different effect, claiming that ACTH 1-24 infusion improved the percentage of successful samplings but reduced the number of correctly diagnosed APAs (18) . However, these studies used selectivity indices below 2.0 in the baseline setting, which might explain the conflicting results. The role of ACTH 1-24 infusion during AVS remains up to now undetermined.
Despite its lack of standardization and difficulty AVS remains the method of choice for subtype diagnosis of PA, as CT and MRI imaging cannot differentiate between aldosterone producing and inactive adrenal nodules and might not detect small APAs (5) . Until newer and more sensitive functional imaging methods overcome these limitations, the success rate of AVS can be reliably increased by rapid cortisol assays, especially in centers with a low initial success rate. RAV, right adrenal vein; LAV, left adrenal vein; A/C, aldosterone to cortisol ratio; median (inter-quartile-range).
